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RESEARCHMEMORANDUM

IXMNWASHANDSIDEWASHFIELDSBEHINDCRUCIFORMWINGS

A brief
e~erimental

BY JohnR. Spreiter

accountispresentedoftheresult,softheoreticaland
investigationsoftheflowfieldsbehindliftingplaneand

cruciformwings.Particularattentionisfocussedonwingsoflowaspect
ratio.It isshownthatthedeformationofthevortexsheetbehind-a
planewingconsistsessentiallyofa rollingup at theedges.Forbanked
CZ%lCifO?.’m will~S, huwever,itis shownthat,inadditionto thiseffect,
thevorticesfromtheupperwingtipspassdownwardbetweenthosefrom
thelowertips. Certainanomalousbehaviorsof thepitching-moment
characteristicsofa typicalmissileconfigurationsreshowntobe
eqlainableonthebasisoftheseresults.

IN’IRODUC’EON

A rationalapproachto stabilityandcontrolproblemsrequiresan
accurateknowledgeoftheinducedflowfieldbehinda liftingwing. In
theabsenceof separationsreliableengineeringsolutionsto thisproblem
havebeenknownforconventionalairplaneconfigurationsfora longt~.
Formissileconfigurationshowever,theoldmethodsoftenfailtoyield
accurateresults.Thedifficultiesariselargelyfromthepresenceof
complicatedvortexwakepatternsresultingfromtheuseof low-aspect-
ratiowingsandcruciformwings.Thepresentpaperwilldescribesome
resultsofrecentworkontheseproblems.To datemostofthetheoreti- .– .“
calanalysishasbeenforthewingalonebutsimilarworkisnowpro-
gressingforplaneandcruciformwingandbody&mbinations.Theresults , ~
obtainedsofarareencouraginginthattheyseemtb indicatethatmost
ofthemajoreffectsareunderstandableon thebasisofexistingmethods. r—n
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RESULTSANDDISCUSSION

It isgenerallyknownthatvortexsheets.areformedbehindlifting
wingsandthatknowledgeof theirstrengthand-locationisessentialfor
thecalculationofdownwashandsidewashvelocities.Asmaybe observed
e~erimentillyor calculatedtheoretically,thevortexsheettrailing
behindeachpanelofa wingrollsup at theedgesina mannermuchas.
illustratedinfigure1. Fortheplanewinga thecruciformwingbanked
00 (q)=00),thevorticeseventuallybecotiessentiallyrolledup into
twovortex-coreregionsas showninthesketchotitheleft.Forthe
bankedcruciformwing,thevortexsheetsmightbepresumedtoroll up
simil~lyintofourvortexcores.Thesketchontherightshowssucha
caseforanangleofbankof 45°(w= 450).

r.
.-— -- ----

PlaneWings

Insight.intotherateof deformationof thetrailingVortixsheet . .. ....
canbe gainedby.consideringthesimilarityrti presentedoriginallyin
reference1, A briefresumeof theresultsso-obtainedisshowninfig-
ure2. It isfoundforeithersubsonicor supersonicspeedsthatthe
distanced fromthewingtrailingedgetothestationwherethetrail-

,
●

ingvortexsheetisdeformedtoanyspecifieddegreeisgivenby the
firstequationwhere c istherootchord,A theaspectratio,CL

.

theliftcoefficient,b thespan,and K isanunspecified.constant .
dependingontheloaddistributionandontheae~ee oftie defor~t+on.

.

specified.

Althoughthisequationisverysimple,theimplicationssreof con-
siderablepracticalimportance.Asan illustrativeexample,coqpmethe
rateofrollingup ofthevortexsheetstrailingbehinda rectangular
wingofaspectratio6 withthatfora triangu@rwingofaspectratio2.
Itwillbe assumedthatthewingsme twistedinsucha mannerthatthey
havesimilarspanloadingsjthenthevalueof K willbe thesamefor
bothwings.Thus,intermsof chords,itcanbe seenthatthetrailing
vortexsheetrollsqp 18 timesmorerapiaybehindthelow-aspect-ratio —

triangularwingthanbehindthehigh-aspect-ratiorectangularwing.
This is illustmatidgraphicallyinthetwosketches.Inbothsketches,
thevorticesarerolledup to”thesamedegreeat theindicatedsections.
Forthemissiledesigner,thelessontobe learnedfromthepreceding
considerationsisthattherollingup of thetrailingvortexsheetmust ,
be takenintoaccountifaccuratepredictionsoftheinducedflowfield
behindlow-aspect-ratiowingsis,tobe accomplished.Inmanyinstances,
however,therollingup issorapidthatadequatepredictionscanbe
madeby assuming
location.

mat thevorticesarecomplete~rolledup at thetail .

.

r
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A detailedanalysisofthebehaviorofvortexsystemscanalwayshe
madeby replacingthecontinuoussheetofvorticeswitha finitenumber
ofdiscretelinevorticesandcalculatingstepby stepthemotionsof’
eachvortex.Theresultsof sucha calculationfora planewinghating
ellipticspanloading(orforanunbankedcruciformwing)using20 dis-
cretevorticesareshowninfigure3. (Seereferences1 =a 2.) It may “
be seenthatthecenterofthevortexsheetbecomesinclineda substan-
tialanglebelowthefree-streamdirection.Thevortexc~es,however,
extenddownstreamin nearlythefree-streamdirectionandsooncontain
a majorportionofthevorticity.

Thebehaviorofthevortexsheetshasbeenstudiedfurtherby means
of simplevisual-flowexperimentsina watertank. Theseexperiments
wereconductedby drivinga modelwingverticallyintothewaterat a
constantvelocityandphotograph~thewatersurfacewitha moviecamera.
Thetraceofthe_&ailingvortexsheetwasmadevisiblehy applyingfine
aluminumpowdertothetrailingedgeofthewi~before eachrun. Fig-
ure4 showsan abridgedseriesofphotographsfora triangularwingof
aspectratio2 atan a~le ofattackof20°,correspondingtoan estimated
liftcoefficientofapproximately0.77. Thedistancebehindthewing,
inchords,isindicatedby thevaluesof d/c givenbeloweachfigure.
Theprojectionsinthefree-streamdirectionofthewing-tippositions
areindicatedinthephotographsby theintersectionsofthevertical
linesandthehorizontalmarkers.Thesephotographsclearlyillustrate
therapiditywithwhichthetrailingvortexsheetrollsup%ehinda low-
aspect-ratiowingandfurtheremphasizesthefactthatthevortexcores
extendrearwardinverynearlythefree-streamdirection.Thesecon-
clusionshavebeenconfirmedby a numberoffind-tunneltestsconducted
by Wetzeland~yl (reference3)inthehes 6-by 6-footsupersonic
tunnelandby SpabrintheAmes1-by s-footsupersonictunnel.

An exampleoftheeffectonmissilestabilityresultingfromthe-
nonlinearbehavicmofthedownwashfieldis illustratedinfigure5.
Thisfigureshowstheveriationofthepitching-momentcoefficient@
withangleofattacka fortheSparrowmissileas determinedfrom
measurementsata Machnuniberof1.4madein thelunes6-by 6-foot
supersonictunnel%y Edwards.(Seereference4.) Alsoshowninfig-
ure5 arecorrespondingtheoreticalresultscalculatedby Edwards.The
forcesandmomentsonthewingandbodyweredeter@nedby usingslender
wing-bodytheory(reference5) ina mannersimilarto thatofNielsen,
Katzen,andTang(reference6). Thetrailingvortexsheetwasassumed
tobe completelyrolledup intotwolinevorticesIyiqgat the
0.8-semispanstationandextendingreerward inthefree-sia?eamdirection
as showninthesmallauxiliaryfigures.Theforceson thetailwere
computedwiththeuseof striptheoryinaccordancetithsometheoremsof
LagerstromandVanDyke(reference7). It isseenthatthesemethods
leadtoadequatepredictionsofthepitching-mo=ntvariationswith
angleofattack.
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CruciformWings
*

Theanalysisoftheinducedflowfieldbehindbankedcruciform
wingsmaybe carriedoutby methodscompletely”analogousb thoseused
fora planewing(orunbankedcruciformwing).As fortheplanewings,
thef’irststepisalwaysto determinethespanloading.Thiscan .-
readilybe donesincetheloadingoneachpanelofa cruciformwingis
thesame,to theorderofaccuracyoflineartheory,as onthepanels
ofa planewinginclinedat equalanglesofattackandba~. (See
reference5.) ~ese considerationsdeterminethevorticitydistribution
directlybehindthetrailingedge. Beforetm inducedflowfieldfarther
behindthewingcanbe calculated,itisnecessarytoascertainthe
subsequentbehaviorof thetrailingvortexsheet.

—

Figure6 presentssomeoftheresultsofa detailedcalculationof
thebehaviorofthetrailing-vortexsystembehinda cruciformarrange-
mentoftriangularwingsbanked45°. Theseresultswereobtainedby
approximatingthevortexwakeby a totalof‘~ discretevorticesand
calculatingtheirsubsequent.behaviorby a step-by-stepprocess.It Cm.
be seenthatthevortexsheetsrollup intofourregionsofmoreorless
concentratedvorticity,thevortexcores.Justasfortheplane-ying
results,thevortexcoresextendrearwardfromthetrailingedgein
nearlythefree-stieamdirectionwhilethecenterofthevortexsheet
becomesinclineda substantialanglebelowthefree-streamdirection.
Becausethecourseofthevortexsheetsneartheplaneofsymmetry
becomestoocomplextofollowtheb-vortexapproximation,thevortex
wakeisdashedthroughthisregion.Noteinparticularthatthevortices
inthisregiondonotappeartoberollingup intothefourconcentrated
tipvortices.

—

. .-- . .. . ..

.\
. .

.

.—--

Figure7 presents“aseriesofphotographsshotingtheresultsof
water-tankexperimentstodeterminethebehaviorofthebailingvortex
sheetsbehinda cruciformwingbanked450. Thewingsweretriangularin
planform,hadan aspectratioof2,andwereinclinedatanangleof
attackof 16.9°.At thelesserdistancesbehindthewing,thecustomary
rolling-uptendenciesaretobe observed.Againitappesrsthatthe
vorticesneartheplaneof symmetryfailtorollup intothetipvo~-
tices.”At greaterdistancesbehindthewing,a neweffectwhichwill
be called“leapfrogging’ristobe observed.Thevortexcoresfromthe
upperwingtipspassdownwardbetweenthosefromthelowerwingtips.
In thiscase,the“le~frog”distance(definedasthedist&cefromthe
wingtrailingedgetothestationwherethevortexcoresfromtheupper
panelspassbetweenthosefromthelowerpanels)isonly4:8chords.
Itis interestingtorecallthatthisphenomenonis closelyrelatedto
thesimilabehaviorofvortexringsdescribedby Hemoltz in18% in
hisclassicalpaperonvortexmotion.

-..-

—-..— —
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—
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“

In ordertogaina greaterunderstandingoftheleapfrogging
phenomenon,ananalysishasbeencarriedoutby Sacksinwhichthe

. behavioroffour-andsix-vortexapproximationsto thetrailingvortex
systemaredeterminedinfulldetail(seereference8). Oneofhis
mostsignificantresultsisthevariationof leapfrogdistancewith
CL/A2 fortriangularcruciformwingshavingsubsonicleadingedges
(seefig.8). In thisfigure,thelong-andshort-dash-linecurve
indicatestheresultsofthefour-vortexcalculationsandthepoints
representvaluesobtainedfromthewater-tanke~eriments.It isseen
thatthefour-vortexapproximationyieldsgoodageementforsmall
CL/A2hutthatsignificantdifferencesappearat lsrgerCL/A2.Sacks
hasexaminedtheorigin.ofthisdiscrepancyandconcludedthata major
contributionisduetothefailureof theportionofthevortexsheet
nesrtheplaneof symmetrytoroldup intothefourvortexcoresas
assumed.As CL/A2 increases,an increasingamountofvorticitynear

--

thewingroottendstorollup intoan additionalpairofvortexcores
as canbe seeninthewater-tankphotographsoffigure7. Theleapfrog
distancewasthereforecalculatedanewassuminga six-vortexapproxima-
tionto therolled-upvortexsheet.The”resultsof thesecalculations
arealsoshowninfigure8. It isseenthatthenewresultsarein

t closeragreementwiththe~erimentaldataobtainedwiththewater
tank.Forcomparison,thedistancerequiredforthevortexsheetbehind
a planewingtobeco~ essentiallyrolledup isalsoshown.(Seeref-

. erences1 and9.) Theprincipallessontobe learnedfromthisfigure
—

isthattheleapfrogdistancedecreasesrapidlywithincreasingCL/A2.
Thenwkricalvaluesaresuchthattheleapfroggingphenomenonisonly
ofpracticalimportanceinmissiledesignshavingwingsofparticularly
lowaspectratioandcouldbe avoided,ifdesired,inmat casesby a
slightincreaseinaspectratio.

Theresultanteffectonthelongitudinalstabilityof theSparrow
missilewithwingsbanked45°isshowninfigure9. Thisfigure,tsken
fromreference4 by Edwards,showsthevariationof Cm with a as
determinedfrommeasurementsat a Machnumberof 1.4intheAmes6-by
6-footsupersonictunnelandfromtheoreticalcalculationssimilsrto
thosedescribedearlierin connectionwithfigure5. Inperforming
thesecalculations,Edwardsagainassumedthatthetrailingvortices
werecompletelyrolledw intofourtrailingvorticesextendingrear-
wardinthedirectionofthefreestream.A slightcorrectionto the
lateralpositionofthelowerpairofvorticeswasthenappliedto
accountfortheealy stagesof leapfroggingaction.Itmaybe seen
fromthisgraphthattheresultssoobtainedwerehighlysatisfactory
induplicatinga distinctlynonlinearpitching-momentcurve.Thepeak
ofthepitching-momentcurveoccurredwhenthevortexcoresfromthe.
lowerpanelsofthewingwereintheplaneof thehorizontaltailas
showninthesketch-ofthemissile.Theassumptionthatthevortex

.
. ... . .=-
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distributionatthetailcouldbe adequatelyrepresentedby fourvor-
.

ticesandthatleapfroggingeffectswereofonlysecondaryimportance
isinaccordwiththegraphofSacksshownpreviouslyinfigure8 and .
repeatedinminiaturehere. Thetotalrangeof Edwards’res~ts,as
indicatedby thetestpointsontheminiaturegraph,areseentobe
principallyintheregionwherethevorticesme essentiallyrolledup
butneverapproachthelineindicatingleapfrogging.

Figure10 showstwoschlierenphotographsobtainedby Spahrinthe
Ames1-by 3-footsupersonictunnelof sideviewsof theflowaboutthe
Falconmissile.Inbothphotographstheforwardingsareat 45°angle
ofbankandtheentiremissileisat 130-angleofattack.Thecores
ofthevorticestrailingbehindboththeupperandlowerwingpanelscan
be clearlydistinguishedinbothphotographs.Forthemissilewith
moderate-aspect-ratiowingsithephotographontheleftshowsthatthe
vorticesfallshort-ofleapfroggingat thetaillocation.Forthe
modelwithverylow-aspect-ratiowings,however,thephotographonthe
rightshowsthatthevorticespassbetweeneachotherat thetail
station.Forpurposesofcomparison,theleapfrogstationhasbeen
calculatedforbothcasesby usingsack~sresultsforthewingalone
togetherwiththeoreticalvaluesfortheliftof theactualwing-body
combinationcalculatedby themethodsofreferences5 and6. Itmay
be seenthatthesepreliminaryconsiderations,ignoringtheinfluence_
ofthebodyon themotionofthevortices,providepredictidleaPfrog
distancesinatleastsensibleagreementwiththee~erimentalresults.

.—

.

Despitetheagreementontheleapfrogdistanceindicatedinfig-
ure10,cautionshouldbe exercisedinapplyingtheresultsdiscussed

.—

to configurationshavinglargebodiesandsmall TZQS. ~eliminary
experimentswithmodelspossessingsuchgeometriccharacteristicsindi-
catesomesignificantdeparturesfromtheresultsjustreviewed-In”
particular,thetrailingvortexsheetsometimesbreaksup intoa numiber
ofmoreorlessdistinctregionsofvorticityandoftena prominentvor-
texformsbehindtheinnerportionofthewing. Sincemanymissiles
possessthe.afore-mentionedgeometricalconfigurations,boththeoretical
andexperimentalinvestigationsarenowinprogressatAmesAeronautical
Laboratorytoewlorethissubjectingreaterdetail.

AmesAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

MoffettField,Calif.

.

.
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Figure 2 .- Rati of rolHng up of trailingvortexsheet,Q = OO.
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